Purpose: To assess the relationship between the thinnest corneal location and the steepest and maximum elevation corneal locations in subjects with keratoconus and the effect of gas permeable contact lens wear on the location of these points.
K eratoconus is a progressive corneal disorder with an incidence of 1 per 2000 in the general population. 1, 2 It is a bilateral and asymmetric corneal degeneration characterized by localized corneal thinning, which leads to protrusion of the thinned cornea. Corneal thinning normally occurs in the inferior-temporal and the central cornea. Corneal protrusion causes high myopia and irregular astigmatism, affecting visual quality. Currently, a combination of corneal topographic findings (ie, inferior corneal steepening and superior-inferior corneal curvature asymmetry) and clinical signs (ie, Fleischer ring, Vogt striae, and corneal scarring) are commonly used to diagnose and monitor the disease. 3, 4 Although the etiology of keratoconus remains unclear, it is suspected to develop as a combination of genetic and environmental factors. 5 To date, gas permeable contact lenses (CLs) represent the most common and successful treatment option for early to moderate cases of keratoconus because these lenses can correct relatively high levels of irregular astigmatism and thus substantially improve visual acuity. When CLs cannot be successfully fitted, most keratoconus subjects undertake penetrating keratoplasty surgery. In fact, it has been estimated that around 12% of keratoconus patients eventually require penetrating keratoplasty. 6 However, in the last decade, new surgical procedures, including corneal ring segment implantation 7, 8 and collagen cross-linking, 9, 10 have been developed to treat keratoconus.
Although previously studies have assessed the location of the steepest and thinnest corneal locations in keratoconus subjects, 11, 12 no previous studies have investigated in detail whether the thinnest corneal location overlaps with steepest and maximum elevation corneal locations in keratoconus. Additionally, previous studies have been undertaken using Placido-based corneal topography instruments. Currently, sophisticated instruments based on the Scheimpflug principle allow precise 3-dimensional reconstruction of the entire cornea shape. [13] [14] [15] [16] [17] Furthermore, it is not known whether CL wear affects these corneal locations. Therefore, the purpose of this study was to assess whether the thinnest corneal location overlaps with the steepest and maximum elevation corneal locations in keratoconus subjects and whether CL wear affects these corneal locations.
MATERIALS AND METHODS

Patient Selection
Ninety-eight eyes from 61 consecutive subjects were included in the study: 49 eyes from 31 subjects who have been wearing gas permeable CLs for a minimum period of 6 months (mean 27.5 months, SD ± 4.3) and 49 eyes from 30 subjects who had never worn CLs. All subjects included in the study were diagnosed with keratoconus according to the Keratoconus Severity Score. 3 Eyes with a previous history of acute corneal hydrops or corneal surgery were excluded from the study. All subjects provided written informed consent to participate in the study. The study followed the Tenets of the Declaration of Helsinki and was approved by the Institutional Ethical Committee Review Board of MGR Doctores Ophthalmology Clinic.
Data Collection
Corneal topographies were taken and evaluated using the Pentacam Eye Scanner (Software version 1.16.r:23; Oculus, Inc, Wetzlar, Germany). Anterior segment reconstructions were produced with 25 single captures. On completion of every scan, the Pentacam software analyzed 12,500 points from the front and back corneal surfaces to generate a 3-dimensional image of the anterior segment.
The thinnest corneal location is automatically calculated by the instrument and represented in terms of x and y coordinates. To evaluate the steepest corneal location, axial and tangential front curvature maps were used. The maximum corneal elevation location was recorded from front and back elevation best-fit sphere topography maps. To determine the x and y coordinates of the steepest corneal location in the axial and tangential curvature maps and the highest location in maximum front and back elevation maps, 3 consecutive measurements were recorded manually and a mean was calculated. Additionally, minimum corneal thickness, maximum axial and tangential curvature powers, maximum front and back heights, mean central keratometry, corneal thickness at the maximum tangential curvature location, corneal volume, anterior chamber depth, and anterior chamber volume were also evaluated to ascertain whether CL wear affects the entire or just the anterior cornea.
Axial and tangential curvature front maps were evaluated using the American style map display setting with a relative scale of 61 colors and 1-diopter steps. Front and back elevation maps were also evaluated using the American style map display setting with a relative scale of 61 colors and a sphere reference shape with float and auto diameter options and 2.5 mm steps. All x and y coordinates were transformed into vectors and angles to carry out the statistical analysis and to describe the distance and orientation of the different locations with regard to the instrument's measurement axis [ie, the point where the topography map shows the (0,0) coordinate].
Superior and inferior and nasal and temporal corneal locations in right eyes were given positive and negative values, respectively, in relation to the instrument's measurement axis. Cones from left eyes have been horizontally inverted so that all cones are represented as if for the right eye.
In CL wearers, corneal topographies were taken immediately after lenses were removed. All measurements were performed by the same investigator (M.R.-J.).
Statistical Analyses
The mean and standard deviations were calculated for each vector and angle. Differences in each parameter were assessed separately. Two locations were considered different if statistically significant differences were found in vector, angle, or both of them. Paired sample t tests were used to assess differences in vectors and angles between the different variables measured for the entire sample group and in non-contact (N-CL) and contact lens wearers (CL-W). Independent sample t tests were used to assess differences in vectors and angles between N-CL and CL-W. Pearson product-moment correlations were used to assess relationships between the distance to the instrument's measurement axis and the distances from the thinnest to the other reference points. Statistical analyses were performed using SPSS 15.0 software (SPSS, Inc, Chicago, IL). The level of statistical significance was taken as 5%.
RESULTS
Subjects' Demographics
The entire sample consisted of 98 eyes (49 N-CL and 49 CL-W) of 61 subjects, 42 of which were men (69%). Thirty-two and 29 subjects were CL-W and N-CL, respectively. The mean age (±SD) for the entire sample was 35.4 ± 10.0 (range, 12.2-67.5) years. The mean ages (±SD) in N-CL and CL-W were 35.8 ± 9.1 (range, 22.3-65.1) years and 35.0 ± 11.9 (range, 12.2-67.5) years, respectively (P = 0.758).
Entire Sample
The thinnest corneal location was found to be located in a different point of the cornea in comparison with both the maximum curvature (axial and tangential) and the maximum elevation (front a back) corneal locations ( Fig. 1; Table 1 ).
A strong correlation was found between the distance from the vertex normal and (1) the distance between the thinnest and the axial (r = 0.963, P , 0.001), (2) the thinnest and the tangential (r = 0.937, P , 0.001), (3) the thinnest and the front (r = 0.881, P , 0.001), and (4) the thinnest and the back elevation (r = 0.855, P , 0.001) corneal locations.
Effects of CL Wear
The thinnest corneal location did not overlap with maximum curvature (axial and tangential) and maximum elevation (front and back) corneal locations in the N-CL and CL-W groups, when assessed separately (all P . 0.05; Tables 2 and 3) .
When comparing N-CL versus CL-W, the locations of the thinnest, maximum axial curvature, and maximum elevation (front and back) locations were found to be similar between groups (all P . 0.05), but the maximum tangential curvature locations were found to be different between these 2 groups (P , 0.05). However, CL-W showed the thinnest, maximum tangential curvature, and maximum front elevation locations to be positioned further away from the instrument's measurement axis in comparison to N-CL (Figs. 2, 3) .
The thickness at the thinnest corneal location, mean central corneal power, and maximum front and back elevation heights between N-CL and CL-W were found to be similar (all P . 0.05). However, significant differences were found in the maximum axial and tangential curvatures between N-CL and CL-W (both P , 0.05; Table 4 ). No significant differences were found in the thickness at the maximum tangential curvature location, corneal volume, anterior chamber volume, or the anterior chamber depth between N-CL and CL-W (all P . 0.05; Table 5 ).
DISCUSSION
It has been previously reported that the Pentacam instrument provides high sensitivity and specificity in keratoconus detection 13, 14 and high reproducibility and repeatability in measuring corneal thickness, 15 power, 16 and posterior elevation. 17 Therefore, the device used in this study is well suited for assessing corneal shape in keratoconus subjects.
Entire Sample
The thinnest corneal location did not overlap with the maximum axial and tangential curvature or with the maximum front and back elevation corneal locations in this study. The latter is in agreement with previous reports in normal 18 and keratoconus subjects. We found that the greater the distance between the thinnest location and the other reference points (ie, axial, tangential, front, and back elevations), the greater the distance between the reference points and the normal corneal vertex and vice versa. The latter suggests that the reference locations are closer and further away from each other in central and peripheral cones, respectively.
Effects of CL Wear
The lack of overlapping between the thinnest and the maximum curvature (axial and tangential) and maximum elevation (front and back) locations found in the entire sample and in both N-CL and CL-W suggests that this is likely to be an anatomical feature of keratoconus disease and that CL wear does not affect this lack of overlapping.
Some differences, however, were found between N-CL and CL-W in our study. The thinnest and maximum tangential curvature locations were found to be positioned slightly further away from the instrument's measurement axis in CL-W in comparison to N-CL. Additionally, a 3.00 diopter difference was found in the maximum tangential curvature power between N-CL and CL-W. It has been previously reported that gas permeable CLs can flatten the central cornea and more particularly the corneal epithelium, ultimately leading to a potential displacement of the cone apex. 19, 20 Therefore, it is possible that the physical pressure exerted by the CL over the keratoconic cornea modifies the anterior corneal curvature and power and perhaps the thinnest corneal location as well. The latter is supported by a previous study, which reported that keratoconus subjects fitted with gas permeable CLs showed greater corneal irregularity and higher central curvature power than N-CL keratoconus subjects. 21 It is also known that the cone apex gets displaced toward the corneal periphery with the normal progression of the disease, and higher central keratometric powers are commonly associated with more advanced stages of keratoconus disease. 1, 2 In our study, N-CL and CL-W were well matched in terms of age, corneal thickness, and central curvature power; however, it is unclear whether the further away corneal locations of the thinnest and maximum tangential found in CL-W in comparison to N-CL in this study are attributed to CL wear or the normal evolution of the disease.
No significant differences in front and back elevations were found in this study between N-CL and CL-W, neither in location nor in height. It has been shown that front and back elevation maps provide a more accurate representation of the anterior corneal surface than curvature maps because they are independent of axis, orientation, and position.
14 Furthermore, elevation maps have been reported to be useful in the diagnosis and monitoring of keratoconus disease. 22 Although gas permeable CL wear is commonly associated with flattening of the anterior central cornea, the use of these lenses is unlikely to change the true shape of the cornea (ie, front and back corneal elevations). However, our results are in contrast with a recent cross-sectional study that evaluated the effects of gas permeable CL wear in keratoconus subjects. 23 After close to 2 years of follow-up, lower front and higher back corneal elevations, respectively, were found with CL wear in comparison to baseline but no significant changes were observed in corneal elevation or curvature in N-CL in comparison to baseline. 23 Although CL wearers showed reduced corneal thickness and increased central curvature power in comparison to N-CL after 2 years, the latter might be attributed to differences in disease severity between the groups in that study. 23 To assess the true effect of CL wear on the corneal shape of keratoconus, it would have been ideal to discontinue CL wear for a relatively long period (eg, 1 month) and then compare the results with those collected a few minutes after lens removal. However, the latter was not possible because keratoconus subjects rely on their CLs to achieve adequate visual function.
No statistical differences in corneal volume, anterior chamber depth, anterior chamber volume, and corneal thickness at the maximum tangential curvature corneal location were found between N-CL and CL-W. Although we were expecting a slight reduction in corneal thickness at the maximum tangential corneal location in CL-W in comparison to N-CL as a result of CL-induced corneal flattening, an increase in corneal thickness was found. Furthermore, we observed smaller anterior chamber depth and anterior chamber volume in CL-W versus N-CL. Despite the fact that keratoconus has been typically described in the literature as a noninflammatory disease, recent studies have shown that it is accompanied by an increase in proinflammatory cytokines in the tears in comparison to normal subjects, 24 the inflammatory response being even greater with CL wear. 25 It is, therefore, possible that the physical pressure induced by CL wear causes a local, slight, and superficial inflammation of the anterior cornea, leading to an increase in local thickness and volume.
In summary, the thinnest corneal location does not overlap with the steepest and maximum elevation corneal locations in keratoconus, and CL wear does not seem to affect this lack of overlapping. We suggest that CL wear in keratoconus could flatten the corneal apex, displacing the thinnest and maximum tangential curvature corneal locations. However, longitudinal studies are required to ascertain whether the change found in these corneal locations is attributed to CL wear per se or to the normal progression of the disease. 
